In an isolated dog heart, perfused with blood from an anesthetized donor, left ventricular performance was observed during periods in which the left ventricle either contracted isovolumically or was allowed to eject saline. Heart rate and left ventricular end-diastolic pressure were comparable in both. Ventricular performance, as judged by peak systolic ventricular pressure, declined relatively rapidly during isovolumic loading when initial systolic pressures were higher. The efflux of norepinephrine (NE) from the heart was directly related to the systolic pressure of the left ventricle both when the NE concentration of the perfusing blood was normal and when it was reduced to undetectable levels by dialysis. Changes in heart rate did not affect NE efflux nor was NE efflux increased by isobaric loading when the ventricle was distended in diastole without developing pressure in systole. A pathway is described whereby ventricles developing a high systolic pressure may be depleted of NE.
ADDITIONAL KEY WORDS systolic pressure isovolumic loading heart rate coronary flow ventricular performance isobaric loading canine heart • It has been reported that isolated, supported hearts perfused with the blood of an intact animal maintain left ventricular performance, as defined by their ability to maintain their stroke work at a near constant end-diastolic pressure for varying periods of time after isolation (1) . Preliminary observations from this laboratory have confirmed these findings in that the left ventricular performance of hearts so perfused did not deteriorate provided the ventricle was allowed to eject a critical stroke volume of saline ( 2 ) . If, on the other hand, the ventricle was forced to contract isovolumically at a constant end- Accepted for publication July 15, 1966. diastolic pressure, its performance as reflected by peak systolic pressure progressively declined. It was decided, then, to reexamine the performance of isovolumically contracting ventricles in comparison with those ejecting fluid and, insofar as possible, to explore causes for any discrepancies observed. Recent reports have indicated that the norepinephrine content is relatively low in ventricles that have been subjected to a high systolic pressure and subsequent failure compared with that of normal hearts (3) . These findings imply that there is either a faster depletion of ventricular norepinephrine stores when the ventricle is subjected to the described stress, or that there is a diminution in the rate at which stores are reconstituted either by biosynthesis or uptake. Our studies were undertaken to determine the rate at which norepinephrine was released by the heart under various conditions of ventricular loading, particularly during the decline in ventricular performance which occurred when the ventricle was forced to contract isovolumically and produce a high systolic pressure.
Since myocardial performance is known to be affected by changes in heart rate, sympathetic nervous control, and loading, an isolated heart preparation was selected for this study, thereby facilitating control of these variables (4r -6) . Such a preparation also allowed the advantage of using a dialysis unit to reduce to undetectable levels the concentration of epinephrine and norepinephrine in the blood entering the heart. With this technique, by which it was possible to remove virtually all of these catecholamines from the perfusing blood, the net amount of norepinephrine released directly by the heart could be determined solely by examination of the coronary sinus blood.
In the ensuing report the studies are presented in the order in which they were performed. Attempts were first made to compare the performance of isovolumically contracting left ventricles with that of ventricles ejecting saline. Next, attempts were made to determine to what extent the norepinephrine concentration of coronary sinus blood was altered by various conditions of ventricular loading, changes in heart rate, and changes in coronary flow, while the heart was perfused with dialyzed blood virtually free of epinephrine and norepinephrine. Finally, the heart's norepinephrine influx and efflux were examined when it was perfused with blood unaltered by dialysis and when the left ventricular load was varied as before.
Methods
The isolated heart preparation has been fully described in previous publications and will be outlined only briefly herein (6) (7) (8) . Schematic diagrams of the preparation are found in Figures 1 and 2.
Hearts from healthy mongrel dogs weighing between 18 and 25 kg were rapidly excised after thoracotomy under chloralose (60 mg/kg) and urethane (900 mg/kg) anesthesia. A lucite button was tied in the root of the aorta just proximal to the coronary ostia with a ligature that Schematic diagram of preparation. Left ventricle fills in diastole by gravity from lower fluid chamber and ejects in systole through adjustable orifice. Diastolic filling pressure is determined by height of fluid level in upper chamber. For isobaric contractions, fluid and valves were removed and spirometer enclosed in a 100-liter chamber maintained at desired diastolic pressure. Stroke volume is measured by Krogh spirometer and intraventricular pressure by a transducer.
passed under both the right and left coronary arteries. By this procedure the left ventricular cavity was isolated from the coronary circulation. The bundle of His was ligated to create an atrioventricular block. A catheter was placed in the coronary sinus to allow sampling of its blood, and the right atrium then closed by appropriate ligatures. Cannulas were ligated in the pulmonary artery, aorta, and the mitral orifice.
As shown in Figure 1 the isolated heart was perfused through the aortic cannula with blood from a donor that had also been anesthetized with a similar dose of chloralose and urethane. The dead space in the system was filled, prior to perfusion, with blood from the animal supplying the heart. Arterial blood from the femoral arteries of the donor was pumped to a reservoir of adjustable height from which it descended through a filter, a Fischer-Porter flowmeter (Model FM 1045C), and wanning coils, and entered the coronary arteries through the aortic cannula. Blood was returned from the coronary circulation by way of the right atrium, right ventricle, and pulmonary artery and reinfused into the donor dog through a second reservoir and filter. Heart rate was controlled by electrical stimulation of the distal portion of the ligated bundle of His with a pulse generator.
The mitral cannula of the isolated heart was connected to the lower fluid chamber as indicated in Figure 2 . The fluid chambers were filled initially with normal saline (0.87 g/100 ml) which was maintained at approximately 38°C. The temperature of the heart as indicated by the temperature of the coronary sinus blood was maintained at 39°C ± 1° by adjusting both the CirctUsicm Rcltrcb, Vol. XIX, Octobn 1966 NOREPINEPHRINE RELEASE AND VENTRICULAR PRESSURE 777 temperature of the perfusing blood and that of an additional saline bath surrounding the heart.
During diastole saline flowed by gravity from the upper fluid chamber into the left ventricular cavity through the two "]" valves shown on the right of Figure 2 . Systolic ejection could occur only through the "]" valve on the left. Enddiastolic pressure and volume were controlled by the height of the level in the upper fluid chamber and were maintained constant. Stroke volume, which was monitored by the Krogh spirometer, could be regulated by varying the adjustable orifice seen on the left of Figure 2 . With this preparation heart rate, end-diastolic pressure, and stroke volume could be controlled and maintained constant, thereby allowing the performance of the ventricle to be expressed by the intraventricular pressure which it developed.
When isovolumic contractions were required by the experimental protocol the adjustable orifice shown on the left of Figure 2 was tightened to allow a stroke volume of less than 0.5 ml. When isobaric loading was required, the spirometer was sealed in a 100-liter air chamber, the saline in the fluid chambers replaced with air, and the "J" valves removed. End-diastolic pressure was then determined by the pressure in the air chamber surrounding the spirometer.
Intraventricular pressure was continually recorded with a pressure transducer (Sanborn 267B) connected to the ventricular cavity. The Krogh spirometer was mechanically attached to a linear differential transducer (Sanborn 575 DT 250). The mean arterial pressure of the donor dog was monitored with a pressure transducer connected to the femoral artery. A bipolar electrocardiogram was obtained through electrodes placed on opposite sides of the isolated heart. All inputs were recorded continuously on a Sanborn polyviso recorder (Sanbom 964).
In the studies in which a donor dog was used, the heart was perfused with blood from the left femoral artery of the donor. Blood was returned from the heart to the donor by the left femoral vein. In most of the studies isolated lungs were used to oxygenate the perfusing blood in lieu of a donor dog. Under these circumstances the lungs were substituted for the donor and a coiled membrane dialyzing unit (Travenol U210) was inserted in the line returning the venous blood from the heart. Twenty liters of dialyzing fluid containing the ions found in mammalian plasma in their normal concentrations (133 mEq Na + , 4 mEq K + , 5 mEq Ca^, 1.5 mEq Mg~, 107.5 mEq Cl", 36 mEq HCOg) were recircukted through the dialvzer by an electric pump and aerated by a mixture of 5% CO 2 and 95% O 2 .
Blood samples were obtained from the aorta and coronary sinus through catheters and analyzed for oxygen saturation with a spectrophotometer (Beckman Model B) according to the method of Nahas (16). Myocardial oxygen consumption was determined as the product of the coronary flow and the difference in oxygen content of the inflowing and outflowing blood.
Epinephrine and norepinephrine concentrations were determined on 50-to 100-ml samples of the coronary artery and coronary sinus whole blood. These were immediately chilled in iced saline for 10 min and centrifuged under refrigeration for 15 min. The plasma was then pipetted off and frozen. Aliquots of this plasma were later thawed and adsorbed on an alumina column while cold at a pH of 8.30. The column was eluted with 0.3 M acetic acid at room temperature and the elutate subsequently analyzed for epinephrine and norepinephrine by a modification of the trihydroxyindole method of Crout (9) .
The accuracy, sensitivity, and reproducibility of the method for measuring norepinephrine and epinephrine are indicated by the following. A 500ml plasma sample was obtained from 1 dog. In 20 consecutive determinations on 25-ml aliquots of this sample, the concentration of norepinephrine was found to be 1.44 ± 0.03 (SEM) ^ig/liter, and that of epinephrine 0.52 ± 0.04 (SEM) /Ltg/liter. The recovery of 0.1 to 0.8 fig of norepinephrine and epinephrine added to 30 samples of plasma (25 ml each) from different animals was 87± 4.2% (SEM) of the amount added for norepinephrine, and 81 ± 5.36% (SEM) for epinephrine. In all the studies with the exception of that represented by Figure 11 this accuracy was improved by the use of 50-ml aliquots of plasma instead of 25-ml aliquots. In addition, the dialysis of blood during these experiments further increased the accuracy of the method by reducing background fluorescence from impurities.
In plasma determinations of norepinephrine and epinephrine, using the trihydroxyindole procedure, interference from Dopa and Dopamine is small. The specificity of the method, utilizing the optical exploration of fluorescence peaks of norepinephrine and epinephrine, is indicated by the finding of statistically similar values when the fluorescence was measured following the oxidation of norepinephrine and epinephrine at different pH levels.
Results

PERFORMANCE OF ISOVOLUMICALLY CONTRACTING VENTRICLES
In the initial studies, the left ventricular performance of hearts contracting isovolumically was compared with that of hearts ejecting saline. Eleven hearts were prepared as described in Methods and perfused with blood from a donor. The left ventricles of these hearts were then loaded and made to contract isovolumically by allowing them to be filled with saline in diastole at a pressure of 12 (± 0.5) mm Hg while the only orifice through which systolic ejection could occur was virtually closed (Fig. 2 ). The intraventricular pressure was then monitored continuously for periods up to 4 hours while the filling pressure was maintained constant. During this period each heart was stimulated to beat at a steady rate. The rate selected ranged from 105tol30beats/min. Six additional hearts were prepared and perfused in the same manner. The end-diastolic pressure of these 6 hearts was likewise maintained at 12 ± 0.5 mm Hg and thenrates maintained constant within the range described above. Their left ventricles, on the other hand, were allowed to eject a constant stroke volume of saline, which ranged from 4 to 12 ml for the particular heart involved. In these latter 6 hearts, intraventricular pressure and stroke volume were monitored continuously for periods up to 12 hours.
The results of the studies just described are summarized in Figure 3 , which is a plot of peak systolic intraventricular pressure against time for ventricles contracting isovolumically (left), and ejecting saline (right). From this figure it is evident that the performance of the isovolumically contracting ventricles declined relatively rapidly compared with the performance of those allowed to eject a constant volume. It should be noted that the initial peak systolic pressure of ventricles contracting isovolumically was greater on the average than that of ventricles ejecting saline, as has been documented previously (6, 8) . Plot of peak systolic left ventricular pressure (stipple) and coronary flow (dashes) of an isolated heart against time. Mean arterial pressure of donor is shown by solid line. After contracting isovolumically for 3.3 hours, ventricle was unloaded for 1.6 hours and subsequently loaded again. Heart rate and ventricular end-diastolic pressure were constant except when unloaded. Myocardial oxygen consumption in ml/min is shown at points indicated by arrows. Note that myocardial performance recovered only slightly after period of rest.
While the ventricles contracted at a constant
end-diastolic pressure no salient changes in end-diastolic volume were noted as further documented in the next section.
In 4 experiments the left ventricle was forced to contract isovolumically until its performance, as judged by the intraventricular pressure which it developed, declined to less than 2/3 of its initial value. At this point the ventricle was unloaded by removing the saline from the ventricular cavity, and allowed to contract empty at the slowest rate that it would follow. An example of one of these studies is seen in Figure 4 . After a period of relative rest of approximately 2 hours, during which time its oxygen consumption fell to low levels, the ventricle was again loaded and made to contract isovolumically at the original end-diastolic pressure and heart rate. In 3 of the 4 hearts studied in this manner, myocardial performance recovered after the period of rest only to the extent shown on Figure 4 and again declined with the passage of time.
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In order to examine the effect of isovolumic contraction on the distensibility of the left ventricle, diastolic pressure-volume curves were obtained by distending the ventricular cavity with measured increments of saline, determining the end-diastolic pressure, and plotting the two values. In 4 experiments this was done before and after a 3-hour period of isovolumic contraction. The results of these four experiments are seen in Figure 5 , where end-diastolic pressure is plotted in duplicate against volume before (solid line) and after (dotted lines) this 3-hour period. In 3 of these studies there was a slight but consistent change in diastolic pressure-volume relationships, in that the ventricle became somewhat more distensible, to the extent shown, after having contracted isovolumically. The error of the method, however, can be appreciated from the variations found between the duplicate determinations shown on 5, and casts some doubt on the significance of the observed small change in distensibility.
NOREPINEPHRINE RELEASE RELATED TO SYSTOLIC VENTRICULAR PRESSURE
An attempt was made next to determine the rate at which norepinephrine was released by the heart both when the left ventricle was loaded and when it was beating in an unloaded state. In 10 experiments the hearts were prepared as described, and perfused with blood oxygenated by isolated lungs. In addition, the venous blood coming from the coronary sinus of the isolated heart was passed through a dialysis unit before it was returned to the lungs to decrease the epinephrine and norepinephrine of the perfusing blood to undetectable levels. The catecholamines found in the coronary sinus blood, therefore, could be assumed to come directly from the heart.
The term "release" as used in this paper refers to the amount of norepinephrine added to the blood passing through the coronary circulation; this norepinephrine may have been released from "stores" or newly-formed. The total amount leaving the heart is greater than the amount measured if some norepinephrine is degraded enzymatically locally (after release ) or if some is rebound or both.
After a period of equilibrium following the inclusion of the dialyzer in the circuit, the left ventricles of these hearts were loaded and made to contract isovolumically or to eject a small stroke volume of saline for 1 hour at end-diastolic pressures ranging from 8 to 22 mm Hg. Simultaneous samples of coronary artery and coronary sinus blood were then obtained and analyzed for epinephrine and norepinephrine. Immediately after obtaining samples the ventricles were emptied of saline and allowed to contract while empty at the same rate for 1 hour before an additional set of coronary sinus and coronary artery samples were obtained. This sequence was repeated as often as the preparation would allow in all 10 experiments.
A representative example of one of these 10 experiments is seen in Figure 6 , which shows the peak systolic inrraventricular pressure of the isolated heart plotted against time. In this example, where the levels of epinephrine and norepinephrine in arterial blood were undetectable, the rate of norepinephrine release by the isolated heart was .076 /u.g/min when the left ventricle was loaded to contract isovolumically and develop a peak systolic pressure of approximately 120 mm Hg, and .036 /xg/min during a period of relative rest after being emptied when no pressure was developed. Upon loading the ventricle a second CircuUiion Rtsnrcb, Vol. XIX, Ocioitr 1966 time this rate rose to 0.59 /ng/min. In the 10 experiments described the concentration of norepinephrine in the coronary sinus blood ranged from 0.13 to 0.63 ^tg/liter with an average value of 0.34 /xg/liter.
The results of the 10 experiments performed in this manner involving the rate of norepinephrine release from the heart are summarized in Figure 7 , where a change in this rate is plotted against a change in peak systolic intraventricular pressure when the ventricle was contracting isovolumically. A norepinephrine release was plotted as an increase ( + ) or decrease ( -) in the rate of norepinephrine release (/ig/100 grams of left ventricle per min) observed when the ventricle was loaded. A intraventricular pressure was likewise plotted as an increase ( + ) or decrease (-) in the peak systolic intraventricular pressure when the ventricle was loaded. The data summarized in Figure 7 are also presented in tabular form in Table 1 . As shown on Figure 7 "r" was 0.798 in the described correlation.
NOREPINEPHRINE RELEASE RELATED TO DIASTOLIC VENTRICULAR PRESSURE
In 5 experiments, attempts were made to examine the effect of an increase in diastolic pressure alone on the rate of norepinephrine release from the heart, again using the isolated lungs-dialyzer perfusion circuit. In these studies the ventricle was allowed to contract while empty for 30-to 60-min periods, after which time control samples of coronary sinus blood were obtained for epinephrine and norepinephrine determinations. Following sampling, the ventricle was loaded to contract isobarically for comparable periods of time and the samples again obtained. Repeat determinations were made after the ventricle was subsequently unloaded.
The results of these experiments are summarized in Figure 8 and shown in tabular form in Table 2 . As can be seen from the figure, V was 0.198. It should be noted that the horizontal scatter seen in Figure 8 represents in part the error of the determination and is far less than that seen in Figure 7 where peak systolic intraventricular pressure is plotted against the rate of norepinephrine release. It should also be noted that the enddiastolic pressures seen in Figure 8 were of the same general level as those found in Table 1 .
NOREPINEPHRINE RELEASE RELATED TO HEART RATES
In 4 hearts, attempts were made to examine the effect of an increase in heart rate on the release of norepinephrine from the heart. As in the experiments just described, the hearts were perfused with blood which was oxygenated by isolated lungs and dialyzed upon its return. After a 30-min period during which the left ventricle of the isolated heart was observed to develop a constant peak systolic pressure, the coronary sinus norepinephrine concentration was measured. While maintaining coronary flow constant and maintaining the same intraventricular pressure either by varying the end-diastolic pressure or altering the size of the orifice through which the Fig. 7.) Expt. no. left ventricle ejected saline, the heart rate was increased by 40 to 101%, an increase which ranged from 40 to 81 beats/min. After another 30-min period at the faster heart rate, a sample of the coronary sinus blood was again obtained for catecholamine analysis. This sequence was performed twice in each experiment. Throughout each experiment the peak systolic pressure was kept constant at levels which ranged from 0 to 116 mm Hg. In Figure 9 , which summarizes the data from Table 3 , the change in heart rate is plotted against the change in the rate of release of Circulation Rtiurcb. Vol. XIX, Ocwbn 1966 norepinephrine noted in the studies described immediately above with an "r" value of 0.446. As in the preceding experiments in which an attempt was made to correlate norepinephrine release with end-diastolic pressure, a change in heart rate could not be shown to affect consistently the rate at which norepinephrine was released from the heart. In these studies, myocardial oxygen consumption increased proportionately at the faster heart rate, as has been previously documented (10). Fig. 8 -.0034 -.0053 -.0078 -.0052 0 -.0013 -.0013 0 +.0014 -.00.35 *Initial or final ED pressure was zero when A pressure was positive or negative, respectively.
NOREPINEPHRINE RELEASE RELATED TO CORONARY FLOW
In the studies in which the rate of norepinephrine release from the heart was observed in conjunction with the load imposed there was, on the average, a 9.4% increase in coronary flow when the ventricles were contracting under load as compared with that observed when the ventricles were unloaded.
For this reason an attempt was made to determine whether the rate of this release could be augmented by simply increasing the coronary flow alone. In three experiments, the product of the coronary flow and the norepinephrine concentration of the coronary sinus blood was determined while the hearts were perfused using the isolated lungs-dialysis circuit, both during control states and after the coronary flow had been increased by raising the perfusion pressure. In all 3 hearts norepinephrine was released more rapidly when the coronary flow and perfusion pressure were increased while heart rate was maintained constant. Throughout all of these experiments the left ventricles were kept empty thereby preventing the development of pressure in systole. Coronary flow was increased twice in each of the hearts so studied while control observations were made before and after each increase. On Figure 10 , the change in flow in the studies just described is plotted against the change in norepinephrine release. The data are summarized in Table 4 . In every case an increase in flow was accompanied by an increase in the rate of norepinephrine release and correspondingly a decrease in flow was likewise accompanied by a decrease in the rate of norepinephrine release; the average change in this rate was smaller than that found on Figure 7 .
NOREPINEPHRINE EFFLUX FROM THE ISOLATED SUPPORTED HEART
In view of the increase in the rate of norepinephrine release that was shown to accompany an increase in intraventricular pressure in the preceding studies, the question re-mained as to what extent the dialysis unit affected the observed results and whether the same findings would still apply in an isolated supported heart perfused with arterial blood containing normal amounts of epinephrine and norepinephrine. In 4 preparations, the isolated heart was perfused with blood from the donor that was returned directly without dialysis. After a period of equilibration during which time the left ventricle remained empty, samples of coronary artery and coronary sinus blood were obtained for determination of their epinephrine and norepinephrine concentrations. The ventricle was then loaded to contract isovolumically for a 30-min period after which the blood samples were again obtained. Repeat determinations were made after a subsequent control period. In each preparation this sequence was performed twice while heart rate and coronary flow were maintained constant.
The concentration of epinephrine in coronary artery blood in these studies varied from 0.25 to 2. Fig. 10 was undetectable, with two exceptions containing trace amounts. In all instances the coronary sinus norepinephrine concentration (which varied from 1.56 to 2.82 ^ig/liter) was higher than that found in the coronary artery.
Change in coronary flow against a change in rate of norepinephrine release (A NOR release) from isolated supported hearts corrected for left ventricular weight. Each point represents change noted when coronary flow was altered. Peak systolic pressures were maintained constant. Correlation coefficient between A coronary flow and A NOR release is 0.964. Further description in text.
By subtracting the concentration of norepinephrine in the coronary artery blood from that in the coronary sinus blood, and multiplying by the coronary flow (which was maintained constant) the efflux of norepinephrine from the heart was established. It increased when the ventricle was loaded as described and decreased again upon subsequent unloading. Figure 11 is a plot of a change in peak systolic intraventricular pressure against a change in the norepinephrine efflux; the "r" value is 0.964. The data are shown in tabular form in Table 5 .
Discussion
In the results described, evidence is presented that the performance of isovolumically contracting left ventricles declines relatively rapidly when compared with ventricles ejecting saline. In the case of the latter both the level of pressure developed and the rate of pressure development were maintained for periods up to 12 hours. Heart rate and ventricular end-diastolic pressure were comparable in both groups. As is evident from Figure 3 the isovolumically contracting ventricles initially developed higher pressures than those ejecting saline. In view of previous studies which show that at a given end-diastolic pressure the capacity of a ventricle to develop pressure decreases as the volume of saline ejected is increased, one can assume that the isovolumically contracting ventricles were developing the highest pressures that they could without sympathetic nervous stimulation or the administration of substances having a positive Fig. 11.) Expt. •Initial or final peak systolic intraventricular pressure was zero when A pressure was positive or negative, respectively. inotropic effect (6, 8) . Whether the decline in performance of an isovolumically contracting ventricle is the result of the development of pressure or whether it is due to some other quality intrinsic to an isovolumic contraction cannot be answered, as the development of pressure is, by necessity, a concomitant to an isovolumic contraction.
In the 4 hearts in which diastolic pressurevolume relationships of the left ventricle were examined before and after a period of isovolumic contraction there was little evidence that such contractions, per se, markedly increased the distensibility of the ventricle. In 3 hearts, at a given end-diastolic pressure, there was slightly greater diastolic volume after the period of isovolumic contraction. It must be remembered, however, that these comparisons were made between ventricles in an unloaded state and those loaded to contract isovolumically. One might reasonably expect to find even smaller differences in ventricular distensibility in a comparison between ventricles loaded to contract isovolumically and those loaded to eject a small stroke vol-CircuUiion Rtj&rcb, Vol. XIX, Oaobtr 1966 ume of saline. It would be difficult, therefore, to attribute the decline in performance observed during isovolumic contraction to an alteration in the diastolic pressure-volume relationships of the ventricle, particularly as no such change was noted during the periods of isovolumic contraction.
From the studies in which epinephrine and norepinephrine were removed by dialysis of the perfusing blood, the amount of norepinephrine released by the heart was shown to increase with increasing pressure developed by the ventricle in systole (Fig. 7) . In addition, when the left ventricle was completely unloaded the rate of norepinephrine release was comparable to that found when the ventricle was loaded to contract isobarically at high diastolic pressures (Fig. 8 ). Since no additional pressure was developed by the ventricle when it contracted isobarically, despite its distention to comparable end-diastolic volumes, one can infer that ventricular distention, of itself, was not accompanied by an increased rate of norepinephrine release. Only with the development of pressure in systole could an increase in this rate be observed. It should be noted that the amount of norepinephrine leaving the heart could not be shown to be affected by heart rate even when the heart rate was increased twofold (Fig. 9 ).
Further studies with the same preparation showed that when coronary flow was increased by raising the perfusion pressure the rate of norepinephrine release from the heart was also increased. On the average, an increase in coronary flow of 100 ml/min was attended by an increase in the rate of norepinephrine release of only 0.006 /u,g/min (Fig. 10) . Likewise, coronary flow rose with the pressure developed by the ventricle in those studies where the rate of norepinephrine release was shown to be related to systolic pressure. Here, however, where the increase in coronary flow never exceeded 52 ml/min, one would not suspect that the increase in coronary flow in itself was a major factor affecting norepinephrine release. By analysis of those experiments in which coronary flow was not controlled as well as those in which it was, the increase in norepinephrine release with intraventricular pressure, when coronary flow was not controlled, was more than four times greater than that anticipated to accompany the increase in flow alone.
In those studies in which the dialysis units were not used, and neither epinephrine nor norepinephrine eliminated from the perfusing blood, the coronary artery norepinephrine content had to be subtracted from the coronary sinus norepinephrine content in order to determine the efflux of norepinephrine. In all experiments performed there was always more norepinephrine leaving the heart than entering it. This efflux increased with increasing pressure developed by the ventricle in systole (Fig. 11 ), as might be expected from the previous studies. Here, however, one should point out that some arterial norepinephrine could have passed directly through the coronary bed. These studies serve as evidence that the presence of a dialyzing unit was not artifactually affecting the results of those experiments in which it was used.
It must be remembered that this report is concerned only with one small aspect of norepinephrine exchange in the heart, namely, factors associated with its release and specifically, the factor of systolic pressure in an isolated heart. One can postulate with reasonable certainty that, to the extent the ventricle was capable of developing pressure the individual muscle fibers were developing tension and that the development of tension by these fibers was likewise associated with an increased rate of norepinephrine release. It should be emphasized also that the efflux of norepinephrine in the data presented account for only the free amine efflux. It may well be that the actual amount "released" at the cellular level includes further fractions that are metabolized or re-bound and that this "released" amount is greater than that indicated by the accompanying figures.
Beyond the factors mentioned above, the exact mechanism for the increase in norepinephrine efflux with pressure remains obscure. The possibility that it is artifactually related to cardiac denervation was naturally considered, particularly as norepinephrine is presumably released from sympathetic nerve endings. Preliminary studies, however, on hearts with intact innervarion have been consistent with the described findings in denervated hearts (11) ; the efflux of norepinephrine increased by 0.000168 /ig/100 g of left ventricle per min for each mm Hg increase in the pressure developed by the left ventricle. The concentration of norepinephrine in the coronary sinus blood always exceeded that of the coronary artery blood and the change in the rate of norepinephrine efflux that accompanied a change in the pressure developed by the ventricle was similar to the data presented here. Since both denervated hearts and hearts with intact innervation increase their rate of norepinephrine efflux as the left ventricular systolic pressure is increased, it is difficult to postulate that the mechanism is artifactually related to denervation.
This report is consistent with the findings of Spann and associates in which norepinephrine stores were shown to be depleted in ven-CircuUtio* Ruircb, Vol. XIX, Oaoitr 1966 NOREPINEPHRINE RELEASE AND VENTRICULAR PRESSURE 789 tricles developing a high intraventricular pressure (3). One must be cautious in this comparison, however, in that in their studies cardiac failure was present-a state in which norepinephrine stores have been shown to be depleted-and cardiac innervation was intact (12) . Nevertheless, in the present study evidence is offered that the rate of norepinephrine release from the heart can be accelerated with the development of pressure (or tension) without necessarily implicating an altered rate of its reconstitution. Whether the loss of norepinephrine is the causative factor in the decline in performance of isovolumically contracting ventricles remains to be substantiated. One can only infer from these data, that ventricular performance declined under circumstances in which norepinephrine efflux was shown to be increased.
Salisbury et al. (13) recently found an unidentified substance having a positive inotropic effect in the coronary sinus blood of hearts that had been subjected to a "high intramyocardial pressure." Although they did not clearly identify the potentiating substance our findings make it possible that it was norepinephrine.
Finally, there has been a renewal of interest in what has been termed the homeometric autoregulation of the heart-a phenomenon illustrated by a greater state of contractility at a given fiber length when the ventricle is forced to develop an increased systolic pressure (14, 15) . Mechanisms have been postulated to explain this aspect of ventricular performance which has been shown to be accompanied by a release of potassium from the heart (15). Although potassium loss has not been shown to accompany the administration of norepinephrine, the question arises as to whether the additional increment of norepinephrine released with the development of intraventricular pressure is of itself sufficient, at least in part, to explain the observed enhancement of ventricular contractility with increased pressure at a given end-diastolic volume.
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